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The Large Hadron Collider




The Large Hadron Collider (LHC)
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Circumference: I6. 5 miles
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- protons make a full turn 11254 times per second




LHC Accelerator
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30,000 tons of 8.4T dipole
magnets (1232 magnets)
Cooled to 1.9K with 96 tons of
liquid helium

Energy of beam = 362 MJ

— 15 kg of Swiss chocolate




Luminosity

* Single most important quantity

— Drives our ability to detect new processes
DNyunch sz revolving frequency: f,, =11254/s

#bunches: n, _,=2835
A #protons / bunch: N = 10"

Area of beams: A~40 um
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— Rate of physics processes per unit time directly
related: Cross section O
NObS: JLdt-e-0o Given by Nature
Efficiency: (calc. by theorists)
optimized by
experimentalist

Ability to observe something depends on N, .




Physics Questions




What Do We Hope to find at LHC?

Answers to very fundamental
and simple questions:

— Why do particles have mass?
* Possible answer: The Higgs boson

— Why is gravity so weak?

« Possible answers: supersymmetric
particles, extra spatial dimensions

— What is the Dark Matter? 74% Dark Energy

« Possible answer: the lightest
supersymmetric particle

— The unexpected ...
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The Higgs Mechanism

1964
— P. Higgs
— R. Brout, F. Englert
New scalar self-interacting
field with 4 d.o.f.:

V(P) = é( oD — Lo?)?
Ground state: non-zero-value
breaks electroweak symmetry
generating

— 3 Goldstone bosons: W+ ,Z,
— 1 neutral Higgs boson

Masses of fermions m; m=gr
proportional to unknown
Yukawa couplings g;

_
fermion




Will the Higgs Boson be found?
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scale of new physics A in GeV

« Theoretically bound to be less than 160-500 GeV
« Experimentally bound to be >114 GeV

« Findable at LHC over full mass range with ~20 fb-

The Higgs boson will be found at LHC if it exists



What if there is no Higgs Boson?

Standard Model processes

« W, W, cross section increases with energy

- perturbative expansion in s: o x s2/vZ + s4/v4_.
- Violates unitarity at Vs~1.2 TeV!

— Thus some new physics must be there
 E.g. W bosons are composite (similar to pion-pion scattering in 1960’s)

Will also be probed by LHC




The “finetuning problem”

* Why is gravity is so much weaker than the
weak force?

— Newton: G\=6.67 x 101" m3kg/s?~10-38 GeV-?
— Fermi: G=1.17 x 10> GeV~ X

* Or why is the W boson mass so small?
— Weak scale: My, ~1/M,,.,,=1/NGr ~102 GeV
— Natural scale: My,,,=1/VGy~101® GeV

=“Finetuning” required to make W and Higgs mass small
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Finetuning Problem

] ”/’ 7 h h

L ]
2 2 = m?2 tree , 2 gauge 2 higgs
m2,, ~ (200 GeV)? = m2, mHg ge Y5 m?2, hige

* Free parameter mytree
“finetuned” to cancel huge
corrections

 Considered to be “unnatural’

— Some unknown ad-hoc
parameter introduced with
superb precision

new physics™

)

Theoretically not satisfactory




Solving the finetuning problem

« "Supersymmetric” particles Superpartners!

— Each standard model particle
has a partner, e.g.:
» Electron => Selectron
* Quark => Squark
* Photon => Photino
W boson => Wino
— New loops can cancel the old

loops
» Size of loops naturally the same if
particle masses similar

— No tuned ad-hoc parameter
needed




Already happened in History!

 May seem “crazy” to have another set of
particles introduced to solve aesthetic problem

* Analogy Iin electromagnetism:

— Free electron has Coulomb field:

— Mass recelves correctlons due to Coulomb field:
° II.h' e | — '”-" bare +J—1I"IL-E|{ pulomb -

* With I'e<10'17 SNl 0.000511 = (—3.141082 + 3.141593) GeV.
— Solution: the positron!

AFE = &Eiiiu::-uln::-llll:n + ‘lEFHlI — __1__1 € . ; <<meC2

Hitoshi Murayama

Problem was not as bad as today’s but it resulted
in new particle species: anti-particles




More virtues of Supersymmetry (SUSY)

» Electromagnetic, strong and
weak force unify!
— Miss unification in SM (barely)

— Unify in SUSY if masses about 1
TeV!

1/coupling constant

" with SUSY

i I L - I i (-

* Includes candidate for dark R

matter with mass ~ 0.1-1 TeV Eegy i .

— Cosmology data point to such
particles

— 5 times more than ordinary
matter

If SUSY particles are the solution to finetuning problem
they will be found at the LHC 17




The Experimental Challenge




Proton-proton collisions

Complex events need to be resolved by
high resolution detectors




Experimental Observation vs Theory

Measured hits in detector

=> use hits to reconstruct particle paths and energies
=> estimate background processes

=> understand the underlying physics




Particle Identification

» Detector designed to separate electrons, photons,
muons, neutral and charged hadrons
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CALORIMETERS

ECAL

HCAL

76k scintillating Plastic scintillator/brass
PbWO4 crysta sandwich

TRACKER

Pixels

Silicon Microstrips

210 m?2 of silicon sensors
9.6M channels

Superconducting Coil,

4 Tesla MUON BARREL

Drift Tube Resistive Plate
Chambers (DT) Chambers (RPC)

/ IRON YOKE

MUON

ENDCAPS
Cathode Strip
Chambers (CSC)
Resistive Plate
Chambers (RPC)

~Weight: 12,500 T

‘Diameter: 15.0 m

Length: 21.5 m




ATLAS and CMS in Berlin




Detector Mass in Perspective

CMS is 30% heavier than the Eiffel tower




Tracking Detectors

Tracking detectors
— ATLAS: TRT, silicon strips + pixels
— CMS: silicon strips + pixels

CMS silicon area: 200 m?
— Size of a football field




« Cylinder: L=1.4 m, R=12.25 cm 6 cm

» 80 million individual pixels arranged in modules:

— 16 chips per module, 2880 pixels per chip => 46080 pixels/module
— Distance between pixels: 50 um (“pitch”)

« Designed and built largely in Berkeley




Muon Systems and Calorimeters




2000 Physicists from all over the World

ATLAS

Collabonration |
1 s
(including 400 PhD students)

+ many technician and engineers




Enormous Data Volumes

 Pushing the computing limits! | “ |
— 1 second of LHC data: 1000 GigaBytes
« 10,000 sets of the Encyclopedia Britannica

— 1 year of of LHC data: 10,000,000 GB

« 25 km tower of CD’s (~2 x earth diameter)

— 10 years of LHC data:

« All the words spoken by humankind since
its appearance on earth

)

« Solution: the “Grid”
— Global distribution of CPU power

« More than 100 CPU farms worldwide share
computing power

N
o




Some Example Analyses

Finding the Higgs boson:
-with photons
-with Z-bosons

Finding a Supersymmetric
World p Particles

A y o=
o'@'ﬁ

D Supew, mmetric
"shadow " particles




Rates of Physics Processes

 Much increased rates compared to previous collider

Process (mass) Tevatron LHC
Vs =2 TeV | Vs=14TeV
sprH(NGey) | 1| ]

e ] R N
wmeoen | @
T I R )
T G R )

« Excellent discovery opportunity for heavy particles
— Biggest jump in energy since SppsS that discovered W's and Z's




Finding the Higgs Boson (with photons)

 Find 2 high energy Higgs —yy background
photons
— If my<130 GeV/c?

« Separate signal from
backgrounds

— Backgrounds can look
exactly the same

— but for y’s from Higgs:
M(H)=M(YY)=\/[(E1+E2)2'(P1+p2)2]
 Difficult analysis

— Requires ~10-30 fb-" 0115 120 125 130 135 140 145 150
My, [GeV]

Irreducible bkg

Heducible bkg

Discovery possible in 2012-2013 (?)




Finding the Higgs Boson (with Z’s)

W
* Find 4 high energy ,

muons or electrons 5 H )
VIGEIENe VA — 0+

« Separate signal - JZ
from backgrounds "

— Again calculating the
invariant mass

— Backgrounds much
smaller than in
diphoton case:

- Easier!

M+
Higgs signal

. 3
Evenls! 2 GeV i

Background

simulated event

my, = 150 GeWic® —

¥




Finding a Supersymmetric World

backeround

* Supersymmetric particles decay
into ordinary particles:
— Measure decay products

— Dark matter particle (%,°) escapes
detector unseen:

 Momentum balance tell us presence of
dark matter particles ("missing E;”)

* Search strategy:

— Search for many high energy particles
plus large missing E;

Discovery possible in 22010

single top
ATLAS

227 .]. | ;|I.-|-o.
700 800 900 1000

missing E




Many Other Possibilities...
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H. Murayama, UC Berkeley %



Current Status of the LHC




Original LHC Startup Plan

September 10th 2008:
— First circulating beam at 450 GeV

2-4 weeks later
— Collisions of beams at 450 GeV

November-December ‘08
— Collide beams at 5 TeV (expected L~10-100 pb-1)

» 7 of the 8 sectors had been commissioned up to 5.5 TeV

December ‘08 - June ‘09

— Shutdown to commission machine to design energy

June ‘09-November ‘09
— A few fb-! of luminosity at Vs=14 TeV (1 fb-! ~2M Z-bosons)

Then... continue to improve each year
— 3 years with 10 fb-! per year
— Then 3 years with 100 fb-! per year




September 10th 2008

 First beam circulation broadcasted live on TV worldwide
« Worked very well: accomplished within <1h




Beam circulati

POINT 5§

* The accelarator physicists |
were amazed how well it all
worked

— Lot’s of optimism spread in the
community

— The machine looked “great” s ponr
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mentur Betatron
Cleaning Cleaning

POINT 8
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In the News...

&2 MSNDC ... ...

Top stories updated 4:36 am. ET Sept. 10, 2008

THE BIG BANG MACHINE o

CNN News CNN Videos

m WORLD U.S POLITICS CRIME ENTERTAINMENT HEALTH TECH TRAVEL LIVING

Hot Topics » Hurricanes + Sarah Palin - Election Center + Afghanistan « more topics »

ADVERTIZEMENT

'Big Bang Machine' comes to life

¢ After 14 years of preparation, scientific wonder of the world opens for business with the
official startup of Europe's Large Hadron Collider. Story | Interactive: How it works

Make CNN Your Home Page

Latest News
* Conviction tossed in 1964 deaths of black teens - _—

* Nervous Texas braces for Ike Tracker ta‘g,_ess: A - Die Nachrichten der ARD
* Lance Armstrong ends retirement Video -

* Rejected 0.J. juror: 'He got away with murder’
+ Slaughterhouse faces child labor charges

« Army suicide rate soars, may exceed nation's
* Last U.S. WWI vet fights for memorial

* McCain takes lead in national polls

* Biden's comments called "a new low"

* Ticker: Palin's surprising effect on women

+ Zoos help rare animals find mates online

+ 360° Blog: Kim Jong |l absence raises

ARD Home Ratgeber | Boulevard | Kultur | Kinder Fernsehen | Radio | ARD Mediathek | ARD Intern

»
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Switzerland, scientists Wednesday fired up one of
the most ambitious experiments ever conceived,

[3* CERN - das europsische Forschungszentrum

#H Teilchenbeschleuniger LHC in Genf

o} Urknall und schwarze Licher [H.-]. Maurus, SWR Genf]
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Excitement in ATLAS and CMS

Atlas Control Room

MS Centre Mexin

“Splash events”: from beam dump into collimators

- 008-02-10 10:18:10 -:fsj- -.-..--nJi-.--. |_1Ca|o Stream

R I T Beam halo muons
= B2t [ERae\ From circulating beam




September 19t: the problem

* A (minor) problem occurred with a transformer when
trying to bring beams to collisions

— Meanwhile the remaining 8th sector (sector 34) was
commissioned up to 5.5 TeV

— Ramped to current of 9.3 kA (previously worked up to 7kA)

* Major incidence occurred in sector 34 due to faulty

connection between a dipole and a quadrupole
magnet: \I/ I/

_ Resistive zone developed Biisg

— An arc developed burning a hole into the cryostat
» 60% of the 600MJ of energy was released
— Some of the magnets moved by 0.5m
« About 100 magnets quenched




Pictures of the Damage
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What’s next?

 Repair:
— 53 magnets need to be repaired
— 28 magnets brought to the surface
— First 2 replacements already back in
the tunnel
* Preventing it for the Future

— Additional valves will be installed to
relieve pressure

— Additional support structures to
Improve mechanical stability

— New testing procedure was
developed to spot the faulty
connections

 Found another one in sector 12 =>
being warmed up also




What’s next?

 Repair:
— 53 magnets need to be repaired
— 28 magnets brought to the surface
— First 2 replacements already back in
the tunnel
* Preventing it for the Future

— Additional valves will be installed to
relieve pressure

— Additional support structures to
improve mechanical stability Schedule as of Dec. 5th:

— New testing procedure was - machine cold end of June
developed to spot the faulty
connections

. Found another one in sector 12 => - €nergy to be decided
being warmed up also (for sure <5 TeV)

- beam 1 month later




ATLAS Cosmic Running

etry: <default>  Atlantis
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Number of Tracks with Pixel Hits

- . ID tracks
C |ATLAS preliminary Bl oaTa

==« MC

« Cosmic data taking with all
subdetectors and 24/7 operation
(>100 million of events)

— Good operational exercise

— Precious data for understanding '
detector response g . R

& (rad)




Understanding the Pixel Detector with Cosmics

no
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Measurement of Lorentz Angle
Charge calibration

Position resolution
— Improved from 331 um to 31 um

Many more:
— Hit efficiency, noise, timing...




Conclusions
The LHC will finally probe the “TeV scale” (r =10-17 cm)

— Known to be special since 1934

The LHC will definitely answer some (and hopefully
many) fundamental questions
— What is the origin of mass?

— Do supersymmetric particles explain the hierarchy problem
and/or the Dark Matter?

— ... possibly more (extra spacial dimensions...)
After a 15 year design and construction phase the LHC
experiments first beam was seen

— Major incidence with accelerator delayed collisions to next year

— Meanwhile cosmic muons used to understand and optimize
detector performance

Hopefully next year first physics analyses can be done
— Discoveries will likely come at least 2-3 years later




